Here we investigate the mechanical behavior of the MnTiO 3 ceramic. Nanoindentation tests in a manganese titanate polycrystalline sample were performed using a Berkovich indenter with a tip radius of 150 nm. On applying the load, it shows the elastic and plastic behavior. The work done during the elastic and plastic processes are 16757.78 μN.nm and 10045.72 μN.nm, respectively. The estimated values of reduced modulus and hardness are 158±8 GPa and 10.5±2GPa, respectively. This suggests that this compound exhibits a significant plastic character.
Introduction
Ceramics are very important candidates of the material science due to their fundamental physics and application point of view. Ceramic materials are very hard at ambient temperature and pressure due to the strong ionic or covalent bonding existing in it. Metal titanates with versatile performances have attracted rapidly growing interest over the past few decades, mainly because of their unique properties and important technological applications. MnTiO 3 is an important material having promising application in high density data storage, optical, solar cells, humidity and magnetic field sensors, dielectrics and photocatalytic ceramics [1] [2] [3] . It is a low cost, abundant and highly stable naturally occurring ceramic.
MnTiO 3 ceramic has also been studied broadly due to their exotic physical properties. MnTiO 3 is one of the members of the ilmenite family ATiO 3 (A=Fe, Mn, Co, Ni). These ilmenite materials have become very popular candidates due their structural, electronic, optical and magnetoelectric properties 4, 5 .It is a multiferroic material which shows the multiferroicity only in one direction (along c-axis) 5 .
Nanoindentation is widely used technique for measuring the elastic modulus, E, and the hardness, H, of small volumes of materials and thin film. This technique has also become useful to measure the other mechanical parameters such as hardening exponents 6 , residual stress 7 and creep parameters 8 . However, this technique provides more fundamental inquiries of the material science. In a standard nanoindentation test the elastic and plastic material response is evaluated. Previously limited reports are available on mechanilcal behavior of metal titanates. Beirau et al. provided new insights on effect of radiation elastic modulus and hardness of naturally occurring titanates 9 .
The motivation of this work is to address the mechanical reliability of MnTiO 3 ceramics for potential device applications. In this work, we report successful one step synthesis of manganese titanate and their nanomechanical behavior.
Experiment
The highly crystalline sample of MnTiO 3 was prepared using conventional solid state route. The starting materials of MnCO 3 and TiO 2 were mixed and ground under ethanol using mortar and pestle. he mi e a hea ed a fo ho in ai . The single phase sample was obtained after several intermediate grindings. The sample was characterized using x-ray diffraction, Raman spectroscopy, Scanning electron microscopy (SEM) and nanoidentation measurements. The x-ray diffraction (XRD) experiment confirms it as single phase. The room temperature x-ray diffraction measurement was performed using 9kW rotating anode x-ray diffractometer i h Kα adia ion. The x-ray diffraction pattern was analyzed with Rietveld profile refinement method using FullProf software 10 . The room temperature Raman spectra were collected using a LabRam (Horiba Scientific Inc.) spectrometer in a back scattering geometry. The microstructural characterization was done using scanning electron microscopy (FEI Nova Nano SEM-450). The nanoidentation tests were performed using TI 950 TriboIdenter (Hysitron, USA) with three sided diamond Berkovich tip.
Results and Discussion
The three dimensional (3D) crystal structure of MnTiO 3 is shown in Fig.1(a) . In the 3D crystal structure of MnTiO 3 , the same type of octahedra (MnO 6 or TiO 6 ) are connected to each other by edge sharing and opposite type of octahedra (MnO 6 and TiO 6 ) are connected to each other face sharing. In this compound, Mn 2+ and Ti 4+ ionic layers are arranged alternatively along the hexagonal c-axis. The cations form a distorted honeycomb lattice along the c-axis due to the electrostatic repulsion between them. The magnetism in this compound arises due the partially filled d-orbitals in Mn 2+ ions.
Within the layer (intra-layer), two Mn spins interact to each other through O ion via superexchange interaction and between the layer (inter-layer) through two O ions via super-superexchange interaction 11 . The intra-layer interactions are stronger than the inter-layer interactions.
The Rietveld refinement of x-ray diffraction pattern of MnTiO3 collected at 300K is shown in Fig. 1(b) . It stabilizes in the centro-symmetric space group R ̅ . The XRD pattern does not show any additional reflection other than the MnTiO 3 phase. The room temperature lattice parameters obtained from the Rietveld refinement are a = b= 5.136(9) Å, c=14.278(4) Å. The lattice parameters are in agreement with our previous reports 11 . The goodness of fit parameter, S is ~ 1.33. The scanning electron microscopy image recorded on the pellet of this material is shown in Fig. 3 . The physical properties of the materials get modified due to the variation in the grain size. The SEM micrographs clearly show that the material is homogeneous. No voids have been observed in the sample. It is observed that the grains are almost of the same size and different in shape. The different shapes of the grains indicate that the material is polycrystalline in nature. The average grain size is found to be in the range of 6-5μm. On the basis of SEM micrographs, the average grain size observed by T. Acharya et al 13 . is in the range of 3-μm hich i le han e ob e ved. hi i d e o he le in e ing temperature and time used by them. Usually, on increasing the sintering temperature and time, the grain size increases which support our results also. Fig.4 shows the Nanoindentation of MnTiO 3 during the loading and unloading of indenter into the sample. The inset figure shows the scanning probe microscopy (SPM) image of the impression. During the loading process the atoms get pressed while in the unloading process the atoms recover partial portion of total displacement.
In a typical nanoindentation test applied test load, P and indentation depth, h of the indenter is continuously measured. He e, load a inc ea ed f om o μN in 5 , held he e fo and dec ea ed back o μN in 5 econds. We observed the ceramic elastically recovered almost a quarter of the maximum penetration depth, hmax at max applied load. This recovered depth is called contact depth, hc measured from intersection of slope of unloading curve with x axis, is required to estimate area, Ac of the residual impression 14 . Total indention work done is 26803.50 μN.nm. The work done during the elastic and plastic processes are 16757.78 μN.nm and 10045.72 μN.nm., respectively. The work done in the elastic process is more than the plastic process. This suggests that the MnTiO 3 exhibits plastic character too. The plasticity has also been observed in other ceramics 15 . Stiffness, S of the elastic contact between indenter and specimen during unloading is estimated from the slope of the unloading curve and is related to the reduced modulus, Er as The estimated values of reduced modulus and hardness of the materials was also of subtle interest. Further the expression for the hardness, H is given as H= Here P is the applied load and A is the indent area. The extracted values of reduced modulus (Er) and hardness (H) are 158±8 GPa and 10.5±2 GPa, respectively.
Conclusion
Our results show that the MnTiO 3 stabilizes in the hexagonal crystal structure with the space group R ̅ . The x-ray diffraction and Raman spectroscopy results confirm it as single phase. The SEM result confirms the homogeneity and polycrystalline nature of the material. The average grain size observed by the SEM measurements is in the range of 6-5μm. During the nanoindentation experiments, we have observed that the work done in the elastic process is more than the plastic process. This suggests that MnTiO 3 reveals a plastic character in addition to the elastic character. 
